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A naphthalo-1, 8-bis[(2,4-dinitrophenyl)hydrazone] sensor (K) was synthesized and characterized using
UVevis, 1H NMR and ﬂuorescence spectroscopy. The sensor showed strong colorimetric and spectral
response upon the molar addition of acetate or ﬂuoride ion (AcO or F) in acetonitrile. The complexed
state (KF or KAcO) of the system showed signiﬁcant reversibility properties, both in color and spectra,
upon the addition of small traces of water. Subsequently, in addition to sensing of ﬂuoride or acetate ions,
the complexed KF or KAcO adducts can be used in colorimetric signaling of water traces in different
organic mediums. In order to have more understanding of the interaction between K and the anions, the
study was supplemented using density functional theory computations.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Molecular recognition has been the epic center of supramolec-
ular chemistry in the past few decades. Anion recognition and
sensing have received a fair share of attention. The study of anion
sensing using colorimetric and ﬂuorescent sensors has been
actively explored. This is due to the fundamental roles anions play
in biological, environmental and chemical processes [1e10]. As a
result, the development of chromogenic and ﬂuorogenic sensors
through visual detection became more popular because it does not
involve expensive equipment, as the color change is detected by
naked eye [11e14]. The identity of a chromogenic/ﬂuorogenic
sensor is based on a speciﬁc overall design which consists of
signaling units and binding sites that are covalently or non-
covalently linked to the receptor moiety. Most of chromogenic
and ﬂuorogenic sensors in ureas [15e17], amides [18e20], pyrroles
[19e23], thioureas [24e26] and hydrazine [27e29] are character-
ized by hydrogen bonding receptors as the binding sites.
Hydrazone-based NH receptors are well-known for biologicallyand Biochemistry, University
hoek 9000, Namibia
.
B.V. This is an open access articleimportant acetate (AcO) and ﬂuoride (F) sensors and they can be
further polarized to increase the acidity through the insertion onto
the molecular framework of electron withdrawing groups such as
NO2 [27e29]. However, extreme polarization leads to deprotona-
tion upon the addition of a strong basic anion such as F. Hydrazone
based receptors display logic operation behaviors based on their
reversible colorimetric activities [30e33]. Signaling units play a
major role in transforming the events at the binding sites into
useful information such as colorimetric or spectral activities, which
can be quantiﬁed. There is variety of anion sensors bearing different
signaling units, including anthracene [34], naphthalene [35], indole
[36e38], BODIPY [30,39e41], ferrocene [42e45] and naph-
thalimides groups [46e48], which can be used in colorimetric only,
or colorimetric and ﬂuorescent. The signaling unit largely lies with
the choice or preference of the designer.
Naphthalimide-based signal reporters have been utilized for
this functionality, due to their favorable factors such as good ther-
mal stability, strong ﬂuorescence, large Stokes shift, high quantum
yield and tunability for speciﬁc functions [49e54]. Consequently,
their photophysical properties can be manipulated to suit speciﬁc
functions through judicious structural modiﬁcations. Structural
modiﬁcation has seen naphthalimide-based moieties being applied
as anion or cation sensors, while still performing the same signalingunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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substituted positions on the structure are the imide group and the
C-4 position, which display a major inﬂuence on the sensor‘s
sensitivity and selectivity. There is limited information in literature
showing the modiﬁcation of naphthalimide-based moieties
through any other position than the imide or C-4 position [46e57].
Based on its general suitable properties in terms of its stability and
strong responses, further explorations and manipulations remain a
possibility.
On the other hand, hydrazone based sensors have proved to be
selective only to acetate, ﬂuoride and dihydrogen phosphate ions
through hydrogen bonding. The association constant towards these
anions favors the Y-shaped acetate over ﬂuoride ions. The strong
basicity of F results in the deprotonation of the sensor [30,58]
when strong electron withdrawing groups (EWGs) such as NO2 or
CF3 moiety are incorporated in the structure. Most of the activities
observed in hydrazone based sensors in the presence of guest anion
species such as color changes and spectral shifts are reversible upon
the addition of different species like metal ions or other species.
These lead to the exploration of logic operation functions in these
sensors [59e62]. In addition to the anion sensing ability of hydra-
zone based receptors, their reversibility properties through the
molar addition of several species (cations, anions, water) can be
exploited further to a multi-purpose functioning system. Water is
one of the species which can reverse colorimetric and structural
activities in hydrazone-based sensors, ascribed to strong hydrogen
bond formation [63]. Since the anion recognition in organic sol-
vents is via hydrogen bonding interaction, the non-competitiveness
of organic environments made the interaction possible. The pres-
ence of competitive species such as water results to the weakening
and breaking of the anion-hydrogen bonding association. There-
fore, hydrazone-based sensor-anion adducts can be used as a
sensing tool for water in organic systems [27e33,58e65].
In view of the above, we hereby report on the design of a 1,8-
naphthalo-dinitrophenylhydrazone (K), a chromogenic and ﬂuo-
rogenic sensing system to discriminate AcO and F in acetonitrile.
When little amount of water was added, reversible responses,
impeded colorimetric or spectral changes were observed. The two
dinitrophenylhydrazone groups are linked to the 1, 8-naphthalic
anhydride via the two carbonyl groups at position C1 and C3
(Scheme 1). he 1,8-naphthalic anhydride forms a signaling subunit
while the 1,4-dinitrophenylyhydrazone serves as a binding unit.
These two are excellent functional units which together displayed
exceptional good sensing properties toward acetate and ﬂuoride
ions, as well as the detection ability of water contents in organic
systems.Scheme 1. Synthe2. Experimental section
2.1. Reagents and physical measurements
All chemicals and reagents used were of reagent grade and were
used as received from the commercial source. UVeVis spectra were
obtained on a Tu-1901 UVevis spectrophotometer (1 cm quartz
cell), 1H NMR spectra were recorded on a Varian Mercury VX-
300 MHz spectrometer, steady state excitation and emission
spectra were obtained on a RF-5301 PC Shimadzu spectropho-
tometer. Elemental analyses (C, H and N) were carried out on a
PerkineElmer 240C analytical instrument. All the measurements
were carried out at room temperature (25 C).
2.2. Synthesis of K
A solution of 2,4-dinitrophenylhydrazine (0.1 g, 0.45 mmol) in
20 ml of ethanol was mixed with the ethanolic solution (15 ml) of
1,8-naphthalic anyhydride (0.041 g, 0.2 mmol) at room tempera-
ture and the mixture was magnetically stirred. H3PO4 (5 ml) was
then added as a catalyst and the mixture was reﬂuxed with
vigorous stirring overnight (18 h). The light yellow precipitate was
ﬁltered off and washed several times with hot ethanol, removing all
of the unreacted hydrazine. The light-yellow powder was dried in
vacuum at room temperature and recrystallized from acetonitrile.
Yield 80%. 1H NMR (300 MHz, DMSO-d6): d: 10.59 (2H, NH), d: 8.95
(2H, ArHNO2), 8.60 (2H, ArHNO2), 8.19 (2H, Ar), 7.98 (2H, Ar), 7.95
(2H, ArHNO2), 7.51 (2H, Ar); Elemental Analysis calcd (%) for
C24H14N8O9: C 51.62, H 2.53, N 20.07, O 25.79, Found: C 51.54, H
2.73, N 19.58, O 24.92. The UVeVis spectrum of K exhibits a band at
336 nm (ε ¼ 44 000 dm3 mol1 cm1) due to p-p* transition.
3. Results and discussions
3.1. UVevis absorption studies
The photophysical properties of K, in acetonitrile, were deﬁned
by two prominent absorption bands at 230 nm and 336 nm,
attributed to internal-charge transfer (ICT) of the nitrophenyl
moiety and naphthyl moiety respectively. K displayed a weak
ﬂuorescent emission in the UV region characterized by two
vibronic transitions at 360 nm and 376 nm and the weakened
emission is presumably attributed to the presence of EWG NO2
groups.
3.2. Inﬂuence of anions on the photophysical properties of K
In order to understand the selectivity and sensitivity behaviors
of K towards anions, the examination of receptor's interaction with
anions was carried out using both UVevis and ﬂuorescent spec-
troscopy. Upon gradual addition of 5 equiv. of TBAþtic route of K.
Fig. 2. UVeVis absorption spectra of K (1  105 M) in CH3CN, upon addition of
excessive amounts of other anions (TBAþ), which could not induce any signiﬁcant
changes.
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solution of K (1  105 M in CH3CN), only AcO and F induced
signiﬁcant changes while the effect from H2PO4- is less pronounced.
This trend is common for hydrazone based receptors. Upon gradual
addition of F (0e5 equiv.) to K, the intensity of the absorption
bands centered at 230 nm and 336 nm were signiﬁcantly reduced
with the appearance of new bands at 237 nm, 410 nm and 460 nm.
Several isosbestic points were observed at 218 nm, 232 nm, 254 nm
and 368 nm accordingly, suggesting different species at equilibrium
in the medium (Fig. 1a). The changes observed at 230 nm (dis-
appeared) and 237 nm (appeared) upon the addition of excess F-
are assigned to the deprotonation of K. The spectral changes
observed were concomitant with the color changes from yellow to
orange and this can be detected by naked eye (Fig. 1, inset). Similar
changes were observed when molar equivalents (5 equiv.) of AcO
was gradually added toK, except that the isosbestic point at 232 nm
(Fig. 1b), suggesting that no deprotonation took place, even when
AcO was largely in excess. The addition of other biological
important anions (Cl, Br, I, NO3, HSO4, H2SO4, ClO4) did not
induce any signiﬁcant changes (Fig. 2). Fluorescent studies carried
out showed two weak vibronic bands at 360 nm and 376 nm with
slight enhancement upon addition of F or AcO (Fig. 3a). The
presence of the electron deﬁcient nitro groups of the phenyl moi-
eties is responsible for the poor ﬂuorescence.
In order to determine the complex formation ratio between K
and F and AcO, Job's plot experiment was carried out. The
interpretation of the data from the Job's plot indicates that the
interaction ratio between the host (K) and the guests (anions) de-
pends on the anions. The interaction ratio between K and F is 1:2,
while with AcO, the ratio is 1:1 (Fig. 3b). The variation in complex
formation ratio with anions stems from their different sizes andFig. 1. UVeVis absorption spectra of K (1  105 M) in CH3CN, (a) upon addition of 5 equiv. ogeometries towards the receptors of K. For instance, F is smallest
in size but its high electronegativity (basicity) makes it more
attracted to electron afﬁnity receptors such as hydrazone based
acidic NH receptors. The results from the Job's method were sup-
portedwith density functional theory (DFT) computation (B3LYP/6-
31G**) of K in the presence of F or AcO, which shows the possible
Y-shaped AcO hydrogen-bonded to two NH receptors throughf F, (b) addition of 5 equiv. AcO, (c) color change intensity at different concentrations.
Fig. 3. (a) Fluorescent spectra of K (1  105 M) upon addition of 4 equiv. F in CH3CN, (b) The Job plot of [KeF] (red) and [K-AcO] (black) at 1  104 M in CH3CN.
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ever each one to the NH receptors (Fig. 4b).3.3. The effect of H2O on the absorption spectra of KF and KAcO
motifs in acetonitrile
The extent to which water, as a protic solvent, inﬂuences the
complex state (KF or KAcO) of K in acetonitrile was studied. Upon
the addition of a certain amount of water to KF or KAcO motifs, the
absorption spectra were signiﬁcantly reversed to the original state
(K) (Fig. 5), with a simultaneous color change from orange to light
yellow, and then to colorless when water is in excess. Accordingly,
when 2.3% of water was added to K:5F, the systemwas completely
regenerated to initial K (Fig. 5a). This is due to the breaking of the
hydrogen bonding between K and F. The reversal of the system
showed strong response to regenerate the original state (K), even if
deprotonation takes place. The initial additions of H2O was barely
effective due to the stability of the biﬂuoride complex F2H
resulting from deprotonation. Similar investigations were carried
out on the KAcO motif, where water was gradually added as shown
in Fig. 5b. An amount of 1.33% of water was used to restore the
original state of K, compared to 2.33% in KF and this can be
explained to the absence of deprotonation in KAcO system. The
presence of water in KF or KAcO destabilizes and weakens the
hydrogen bonding interaction, resulting into the dissociation of
AcO or F and this leads to the regeneration of K, both in the
spectra and color (Scheme 2). The effective colorimetric reversal
system of KF or KAcO to free K in the presence of varying water
content can be quantitatively and qualitatively used as a probe for
signaling the presence of water in organic environments.Fig. 4. Optimized 3-D structures of K in the presence of (a) 1 equiv. of AcO, (3.4. The signaling of water content in THF and DMF solvents using
complexes of K
The idea of water restoring the original state of K from the
complexed state with naked eye detected with colorimetry, can be
translated into a full practical scale of detecting or signaling water
in organic solvents. The solvent mixtures of THF-H2O and DMF-H2O
each containing 5% water contaminationwere separately prepared,
and titrated against the complexed state of K in CH3CN solution at
1  105 M. The stepwise addition of THF-H2O to KF resulted in the
gradual regeneration of K (Fig. 6a), with both the color (orange to
light yellow) and the spectral changes (336 nm) restored, without
interfering with the absorption nature of K. The presence of THF
has no signiﬁcant effect on the spectra, except in the UV region
where disruption of bands occurred and this could be attributed to
several factors according to BeereLambert‘s law.
In order to establish a fundamental claim of water sensing in
organic environments using a complex of K motif, a different sol-
vent mixture (DMF-H2O) with 5% water was prepared. This was
titrated against KAcO motif instead of KF. The results are in
agreement with the KF:THF-H2O system, where the changes
caused by the presence of AcO were nulliﬁed with K being re-
generated (Fig. 6b). The restoration of the original absorption band
at 336 nm (K) from 410 nm (KAcO) requires only about 2.5% water
containing solvent mixture (500 mL) and this is less than half (5%,
1000 mL) used to regenerate K from KF in H2O-THF solvent mixture.
The large amount of solventmixture (5%,1000 mL) used is due to the
presence of the biﬂuoride ion F2H as a result of deprotonation.
This requires a relatively large amount of water to induce dissoci-
ation. In both cases the two different solvents (THF and DMF) did
not show any signiﬁcant interference with the absorption nature ofb) 2 equiv. of F showing hydrogen bonding interactions (B3LYP/6-31G**).
Fig. 5. UVevis spectra changes of (a) KF (1  105 M) in CH3CN with H2O (70 mL, 2.3%), (b) KAcO (1  105 M) in CH3CN with H2O (40 mL, 1.33%).
Scheme 2. The proposed structure of complexed K and its interaction with water.
Fig. 6. The changes in absorption spectra of, (a) Ke5F system (1  105 M) in CH3CN titrated with 1 mL THF contaminated with 5% H2O, (b) K-5AcO system (1  105 M) in CH3CN
titrated with 500 mL DMF contaminated with 5% H2O. Insets, H2O % titration proﬁles in respectively.
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Subsequently, it can be established that the two motifs (KF and
KAcO) are both quantitatively and qualitatively capable of detecting
H2O contents in organic solvents through absorption spectral
changes and more important by color change. The sensitivity level
of less than 5% water is enough to detect low contamination of
water in solvents. Since the signaling of water is based on the na-
ture of the competitiveness for hydrogen bonding within the sys-
tem, even the presence of impurities capable of forming hydrogen
bonds with K such as ethanol and methanol, water is a strong
competitor and therefore no signiﬁcant effects are expected. In fact,
the detection limits in both cases are below 1% of water (Fig. 6a and
b insets), which shows how good the system can be.
3.5. 1H NMR studies
In order to support the results from the Job's experiment, 1H
NMR studies were carried out between K and F in DMSO-d6, in
view of the good solubility. The 1H NMR spectrum of K shows
typical resonances in the range of 7e11 ppm corresponding to the
benzyl rings and naphthalyl protons, while the isolated signal at
10.59 ppm is allocated to the acidic NH of the phenyl group (Fig. 7).
Upon the gradual addition of F, the signal at 10.59 ppm for NH
decreased in intensity, broadened, before disappearance when
excess amount of F was added. This is in agreement with the
proposed binding mode of a 1:2 interaction between the NH re-
ceptors and F via hydrogen bonding. The gradual disappearance of
the NH proton with increasing F is an indication of an activeFig. 7. Partial stack plot of 1H NMR titration spectra for K (1  10interaction with K, which is due to deprotonation when F is in
excess. Other resonances for a-e (Fig. 7, inset) experienced highﬁeld
shifts when F was in excess and this is ascribed to in space effect.
3.6. Theoretical studies of K and its motifs complexes
In order to deepen our understanding on the nature and
behavior of K in the presence and absence of F and/or AcO, DFT
method [B3LYP/6-31G** (vacuum)] was used. According to the
spectrometric data (Fig. 3b), the interaction ratio of KeF is a 1:2 and
for K-AcO is a 1:1 (Fig. 4). The possible geometries of K, KeF and K-
AcO were predicted and their molecular orbitals diagram (HOMO
and LUMO) were simulated (Fig. 8). The anions (F and AcO) are
interacting with K through the acidic NH receptors as predicted
earlier. This is conﬁrmed based on the electron density of the LUMO
in free K being less localised around the NH receptors than it is in
the HOMO. In the presence of AcO- (KAcO), the electron density of
the LUMO is low around the NH receptors and this means that
incoming electron donors are highly likely to bind at this site. In
addition, it is clear that the HOMO is located in the incoming
electron donor (AcO), and aligned towards the NH receptors in a
1:1 ratio as predicted from the Job plot. The presence of F (KF)
affects the HOMO and LUMO. We predicted that the interaction
ratio is 1:2 (K:F) and again F approaches K towards the less
electron populated NH receptors as shown in the LUMO diagram. In
addition the electron density of the HOMO of KF is high around F
as an electron donor.
The HOMO-LUMO gaps of the complexes of K have decreased2 M) after the addition of 5 equiv. F in DMSO-d6 at 25 C.
Fig. 8. HOMO and LUMO diagrams of K in the presence and absence of anions (AcO and F).
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thus stability. Lowering of the HOMO-LUMO gap is responsible for
absorption to be redshifted to longer wavelength and thus the or-
ange coloration is observed. The bond length of NeH (1.009 Å) in
free K experienced a slight increase in the presence of AcO
(1.027 Å) and F (1.017 Å) due to the formation of the hydrogen
bonding. The Mulliken's atomic charges provide additional infor-
mation. The charge on the nitrogen atom of the NH receptor for K
changes from 0.567e (K) to more negatives (how is this more
negative) of 0.531 (AcO) and 0.538 (F). The increase in the
negative charge on the nitrogen atom of the NH indicates the ICT
activity between K and the anions which stabilizes the p* excited
state of K through charge delocalization.4. Conclusions
To summarise, a chromogenic relay sensor based on the naph-
thalohydrazone receptor was successfully synthesized, analyzed
and its application explored through the recognition of acetate and
ﬂuoride ions in acetonitrile. In addition to the anion recognition,
the resulting adduct complex shows signiﬁcant properties of
colorimetric response to water traces in different organic media
through colorimetry. Intense color was clearly visible with naked
eye, upon the addition of respective species. The colorimetric ac-
tivities are based on the actions of hydrogen bonding between the
NH group and the incoming anions. However, the reversible
colorimetric activities are due to the highly competitive nature of
hydrogen bonding in water which is able to outcompete off the K-
anion association.Conﬂict of interest statement
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